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ABSTRACT loss of signal coherence in the change inter-
Land subsidence in Las Vegas, Nevada, United States, between April 1992 and Decembéerogram in areas where the radar backscatter

1997 was measured using spaceborne interferometric synthetic aperture radar. The detaileccharacteristics have changed, and (2) the inability

deformation maps clearly show that the spatial extent of subsidence is controlled by geologid¢o resolve large displacement gradients because

structures (faults) and sediment composition (clay thickness). The maximum detected subsithe phase is measured moduio 2

dence during the 5.75 yr period is 19 cm. Comparison with leveling data indicates that the sub-

sidence rates declined during the past decade as a result of rising ground-water levels broughRESULTS

about by a net reduction in ground-water extraction. Temporal analysis also detects seasonal An INSAR generated map of subsidence in

subsidence and uplift patterns, which provide information about the elastic and inelastic prop- the Las Vegas Valley between April 1992 and

erties of the aquifer system and their spatial variability. December 1997 (Fig. 1A) delineates two main
features, a subsidence bowl in the northwest and
INTRODUCTION ground-surface deformation. This technique has north-northwest—oriented, elongated subsi-

Land subsidence caused by compaction difeen applied previously to investigate earthquake&nce zone in the center of the valley. The
overdrafted aquifer systems is a worldwide probiMassonet et al., 1993), volcanoes (Masson et ahorthwest subsidence bowl is semicircular and
lem in agricultural and urban areas heavily det995), and land subsidence (Massonet et al., 199@¢ludes the maximum measured subsidence
pendent on ground-water supplies (Polandielding et al., 1998; Galloway et al., 1998). Twq190 mm). The southeastern boundary is
1984). The overdraft of aquifer systems contairsynthetic aperture radar (SAR) images acquired lfigned along the Quaternary Eglington fault.
ing fine-grained silt and clay layers (aquitardsjhe European Earth Remote-Sensing (ERS) sat8limilarly, the central subsidence zone also is
results in a vast, one-time release of “water dites with a temporal separation of one year dsounded by several mapped faults.
compaction” from the aquitards. During this typi-more are combined to form a change inter- A comparison between INSAR measurements
cally slow drainage process, permanent land suferogram. The phase of the signal contains infoend leveling measurements (Fig. 1B) shows
sidence occurs primarily due to the irreversiblenation about coherent displacements of all scageneral agreement. The larger displacement
(inelastic) compaction of aquitards. A lesseterers imaged by the radar, and about thgradients measured by leveling may be due to the
amount of subsidence occurs as recoverabiepography. The topographic component is radifferent time intervals of the two measurements.
(elastic) compression of the coarse-grained samnabved using a scaled topography interferogram éf comparison of 1980-1991 leveling data with
and gravel deposits (aquifers) and the aquitardSebruary 8-9, 1996 (three- or four-pass methothree interferograms (Fig. 1C) indicates that the
These processes are described by the aquitaibker et al., 1994a); the scaling factor is derivedte of subsidence has been decreasing since
drainage model (Terzaghi, 1925; Tolman anétom the Delft orbits (Scharro et al., 1998). Onel992. Along a 0.5 km section of line 1, the rate of
Poland, 1940; Holzer, 1984). cycle of phase (1 fringe) represents 28 mm of raddifferential subsidence across the Eglington fault

Las Vegas (Spanish for “the meadows”)|ine-of-sight (range) displacement, and 31 mm afvas 15 mm/yr during 1996-1997, compared to
Nevada, United States, was once a lush desemrtical ground displacement. In this study w0 mm/yr during 1992—-1993 and 50 mm/yr dur-
oasis where water flowed from springs of amssume that all deformation is vertical. ing 1980-1982.
artesian (confined) aquifer-system. Ground water A typical accuracy for a phase measurement is Four differential interferograms for different
is currently pumped at a rate two to three timesbout one-fifteenth of a cycle (averaging 2@ime periods between April 1992 and December
more than the natural recharge, and constitutpsxels, e.g., Zebker et al., 1994b), or 1.6 mni997 (Fig. 2) reveal spatial detail about the tem-
about 25% of the present water supply; theange displacement. The accuracy of relativeoral variation of subsidence. In the northwest
remainder is imported from the Colorado Riverdeformation measurements is generally a factsubsidence bowl, the general pattern of dis-
Persistent overdraft of the aquifer system sinaaf two to five times smaller than the accuracy oplacement is repeated throughout the 5.75 yr
about 1950 (Mindling, 1971) lowered waterphase measurements, because of signal delgesiod, but the rate of displacement decreases
levels throughout the Las Vegas Valley, in somdue to lateral variations in atmospheric watewith time. The northwest subsidence bowl shows
places in excess of 90 m (Wood, 1999). In revapor (Hanssen et al., 1999). The arid climate about 70 mm of range displacement (2.5 fringes)
sponse, parts of the valley have subsided moteas Vegas reduces atmospheric effects. Conm the April 1992—November 1993 interferogram
than 2 m since 1935 (Maxey and Jameson, 1948arison with a U.S. Geological Survey digital(Fig. 2A), but only 40 mm (1.5 fringes) in the
Bell, 1981). Related ground failures have causeglevation model showed no atmospheric disNovember 1993-February 1996 interferogram
extensive structural damage. Historically, subskurbances in the interferogram used for théFig. 2B), which spans a 1.5 times longer time in-
dence has been measured only by infrequent caiemoval of topography. Because we are inteterval. The central subsidence zone is most exten-
ventional leveling surveys (Bell, 1981; Bell andested in smaller scale (<10 km) displacement sigive in the April 1992—November 1993 interfero-
Price, 1991) on sparsely distributed benchmarksals, we safely remove larger scale (>10 kmgram (Fig. 2A). In the November 1993—-February

phase ramps due to orbital uncertainties. Takel®96 interferogram (Fig. 2B), this central subsi-
APPROACH together, this suggests an accuracy of the InNSAdRnce zone is instead represented as localized

We use interferometric synthetic aperture radameasurement of 2—4 mm for range displacemerateas of both increasing (relative subsidence) and

(InNSAR) to obtain spatially detailed maps ofThe principal sources of uncertainty are (1) thdecreasing range displacement (relative uplift).
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Figure 1. A: Subsidence in Las Vegas Valley between April 1992 and December 1997, obtained from interferograms (Fig. 2, A, B, and C) by un-
wrapping phases using Zebker and Lu (1998) algorithm, projecting range displacement onto equivalent vertical displacement, and summing inter-
ferograms; and mapped surface faults. Dashed line indicates 30 mm subsidence contour. Pixel size is 1600 m 2, One color cycle indicates 100 mm
of displacement. Stable landforms (bedrock) are assigned zero subsidence. Phase signatures along urban margins may be artifacts related to loss

of coherence due to construction. B, C: Subsidence and subsidence rates as measured by interferograms (thick dashed white lines in A) and level-

ing (solid black lines in A). Leveling data are relative and shifted to arbitrary value. Random error of leveling data from difference between back-

ward and forward runs is 5-10 mm.

The November 1993—February 1996 interfercfirst dropped below the past minimum water levaiaximum water-level decline west of the central
gram (Fig. 2B) also shows several areas of relgpreconsolidation stress) and the compaction thatibsidence zone can be explained by a lack of
tive uplift, e.g., at Whitney Mesa, at Nellis Air would ultimately occur in the new equilibrium. significant clay thickness, and by the fact that the
Force Base, southeast of the Eglington fault, and The aquitard-drainage model suggests a spatiminimum water level was attained during the
near the eastern boundary of the central subsierrelation between land subsidence, water-levebrly 1970s (Wood, 1999), prior to the importa-
dence zone. These patterns could be confusdécline, and aquitard thickness. From predevefion of water from the Colorado River. Here, any
with atmospheric artifacts, but their repeatablepment to 1990, water levels declined signifiresidual compaction may already have been
presence (although smaller) in interferogramsantly throughout the valley (Fig. 4A); the maxi-realized. In the area of thickest clays to the east of
constructed from different SAR images (e.g., iimum decline was more than 90 m in the arethe central subsidence zone, the absence of sub-
the January 1996—-December 1997 interferogramest of the central subsidence zone. Since 19%idence can be explained by a lack of any signifi-
Fig. 2D) indicates that the displacements are reground-water levels generally have recoveredant water-level decline in this region (Fig. 4A).

Data acquired since 1994 from a borehole exFig. 4B), except in the northern part of the northNote the good correlation at Whitney Mesa
tensometer (Fig. 3) near the northwest subsidenaest subsidence bowl, in response to a reductidietween detected uplift and water-level decline
bowl provide insight into the simultaneous elastiof net ground-water extraction. This net reducprior to 1990 (Fig. 4A), perhaps caused by the
and inelastic deformation of the aquifer systention has been achieved primarily through artifirecovery of water levels and the elastic expansion
During the summer season when water levels detal recharge, a program initiated in 1988 by thef the aquifer system after 1990.
cline 10-15 m, aquitards and aquifers undergolas Vegas Valley Water District to store imported
net compaction of 5-7 mm. During the wintemvater by injection of treated Colorado RiverDISCUSSION
season when water levels recover, any residual iwater into the aquifer system. The INSAR maps indicate that the spatial dis-
elastic compaction in the aquitards generally is A good correlation between subsidence anulibution of land subsidence in the Las Vegas Val-
compensated for by elastic expansion in thaggregate clay thickness in the northwest cornay is controlled by Quaternary faults to a much
aquifers and aquitards, resulting in minimal nedf the northwest subsidence bowl and in thgreater degree than previously suspected (Bell
vertical surface displacement (generally 0—2 mraouthwest region of the central subsidence zowmad Price, 1991)n particular, the Eglington fault
subsidence, 2 mm uplift in winter 1997-1998)(Fig. 4C) suggests that clay thickness controls tfeets as a subsidence barrier. Most of the subsi-
Residual compaction is the difference betweeextent and magnitude of subsidence here. The atence occurs on the upthrown block of this
the compaction that occurred when water levekence of any significant subsidence in the area sbutheast-dipping normal fault, thus precluding
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Figure 2. Differential interferograms
of Las Vegas Valley for four different
time periods. A: 21 April 1992—
2 November 1993. B: 2 November
1993-9 February 1996. C: 2 March
1993-4 January 1996. D: 4 January
1996-5 December 1997. One cycle of
phase (0-2m) represents 28 mm of
change in radar line-of-sight dis-
tance or 31 mm of subsidence or
uplift. Yellow represents zero range
displacement. Yellow-red-blue is in
direction of increasing range dis-
placement (subsidence), yellow-
blue-red is in direction of decreas-
ing range displacement (uplift).
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Figure 3. Interferometric synthetic aperture radar (INSAR) detected subsidence
since April 1992 compared with borehole-extensometer measured system com-
paction and water-level changes since 1994. INSAR measured subsidence is aver-
aged over 10000 m 2. Compaction data are relative and shifted to IN'SAR measure-
ment of 9 February 1996. INSAR data from Figure 2, C and D, are relative and shifted
to compaction measurement of 4 January 1996. White and gray shadings indicate
periods of water-level decline and recovery. January 1996-December 1997 inter-
ferogram measures 14 mm of vertical displacement and extensometer 12 mm for
same period. Exact match is not expected because interferogram measures total
subsidence whereas extensometer measures compaction of uppermost 245 m of
system. Close agreement between two methods suggests that minimal com-
paction occurs beneath base of extensometer.
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Dashed line indicates 30 mm subsi-
dence contour from Figure 1A.
Decline/recovery is ratio between
periods of water-level decline (May 1
to September 15, see Fig. 3) and re-
covery (September 16 to April 30) for
each interferogram. Interferograms
A and B and interferograms C and D
are constructed from different syn-
thetic aperture radar (SAR) images;
phase signatures present in A or B
as well as in C or D represent defor-
mation and not atmospheric arti-
facts (pairwise logic, e.g., Massonnet
and Feigl, 1998). White-yellow-white
wavelike phase signature appears
only in upper left of C, and thus is
artifact in March 1993 radar image.
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Figure 4.Water-level change (A) from

-.l predevelopment to 1990 (Wood,

1999), (B) from 1990 to 1997 (Las
Vegas Valley Water District, 1997),
and (C) aggregate clay thickness for
two clay layers of Las Vegas Valley
system (Morgan and Dettinger, 1996)
superimposed on interferometric
synthetic aperture radar detected
land subsidence from Figure 1A.
Water-level change maps show dif-
ferences for given period. Maximum
water-level declines may have been
higher. Contour maps are based only
on 50-100 point measurements.
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